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ABSTRACT Src homology 2 (SH2) domains are phospho-
tyrosine-binding modules found within various signal-
transducing proteins. We have determined by 1251 competition
assay and surface plasmon resonance that the SH2 domains of
Src and Lck bind to a variety of phosphopeptides with similar
affinity and specificity. Both bound with highest affinity [Kd(app)
- 3.7 nM; ka = 2.4 x 105 M-1 s-1; kd = 1.2 x 10-3 s-1] a
phosphopeptide having a Tyr(P)-Glu-Glu-Ile motif found in the
hamster polyomavirus middle-sized tumor antigen. Interme-
diate affinity (5- to 40-fold lower) was observed with phos-
phopeptides corresponding to the regulatory domains of Src
and Lck, containing Tyr527 and Tyr505, respectively. Lowest
affinity (80- to 300-fold lower) was observed with phosphopep-
tides corresponding to phosphorylated tyrosines of GTPase-
activating protein, insulin receptor substrate 1, and SH2
domain-containing protein-tyrosine-phosphatase 1.

Src homology 2 (SH2) domains (1, 2) are thought to mediate
protein/protein interactions through their ability to bind
phosphotyrosine (pY)-containing proteins (3, 4). They are
found in a variety of intracellular signaling molecules impor-
tant for signal transduction (3-6). A sequence alignment of
several SH2 domains reveals five highly conserved motifs
separated by a less conserved section (3). It is likely that
sequence differences dictate specificity ofbinding to different
tyrosine-phosphorylated ligands. Indeed, several examples
of SH2 domain specificity have been investigated (7-9) and
recent structural information has revealed several potential
regions that may confer binding specificity (10-12). A variety
of mechanisms have been proposed for SH2-mediated regu-
lation of signal transduction. SH2 domains may recruit sub-
strates to catalytic domains of the proteins in which they
reside (13, 14), act as adapter proteins to promote complex
formation (15-18), compete with protein-tyrosine-phos-
phatases to directly regulate the pY content of the cell (19),
and regulate catalytic activity (20-24).
Lck is a lymphocyte-specific tyrosine kinase closely re-

lated to Src (25). They share SH3, SH2, and catalytic
domains, as well as sites of myristoylation and regulatory
tyrosine phosphorylation. Phosphorylation of Lck and Src at
Tyr505 and Tyr527, respectively, suppresses kinase activity
(26-28), and tyrosine mutagenesis results in transformation
(29, 30). These and other studies suggest a model for regu-
lation in which interaction of the C-terminal pY site with the
SH2 domain alters kinase activity (4, 21, 31-33).
We are interested in determining affinity and specificity for

phosphoprotein interactions with Lck and Src via their SH2
domains. An important feature of the SH2/phosphoprotein
interaction is its ability to be reconstituted with isolated
fragments: the intact SH2 domain and a phosphopeptide.
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Recently this capacity was exploited to affinity-select pre-
ferred binding motifs from random phosphopeptide mixtures
(34). Both Lck and Src SH2 domains selected the same
pYEEI motif, which is distinct from either tail sequence. This
motif was found in the hamster polyomavirus middle-sized
tumor (hmT) antigen. Individual phosphopeptides corre-
sponding to the hmT sequence, both Lck and Src tail se-
quences, and various motifs which might direct binding to
alternative SH2 domains were prepared. Binding of these
phosphopeptides by both Lck and Src SH2 domains was
independently assessed by 1251 competition assay and surface
plasmon resonance (SPR).

MATERIALS AND METHODS
Peptide Synthesis. The synthesis and characterization of

phosphopeptides have been described (35, 36). Phosphopep-
tide nomenclature refers to phosphorylation position in the
intact protein (Table 1).

Expression and Purification of Glutathione S-Transferase
(GST) Fusions to SH2 Domains. The GST fusion vector
pGEX-3X (Pharmacia) was modified at the fusion site to
insert five glycine residues N-terminal to the factorX site and
an Nde I cloning site on the C-terminal side of the factor X
site to make pGEX-3Xb. PCR was used to generate a DNA
fragment coding for the Lck SH2 domain residues 119-224
with a 5' Nde I site and a 3' EcoRI site. The PCR fragment
was then ligated into the Nde I-EcoRI cloning site ofpGEX-
3Xb to make pGEX-3Xb.lckSH2. The GST-SrcSH2 plasmid
was constructed by insertingDNA encoding Src SH2 domain
residues 148-251 into the BamHI-EcoRI cloning site of
pGEX-kT. Overproduction of the GST-LckSH2 and GST-
SrcSH2 fusion proteins was accomplished in Escherichia coli
DH5a. Cells (500 ml) were grown to an OD595 of 0.6-0.8 and
induced with 2 mM isopropyl P-D-thiogalactopyranoside
(Bachem) for 3 hr. Cells were collected by centrifugation and
suspended in 10 ml of Hepes-buffered saline (10 mM Hepes,
pH 7.5/3.4 mM EDTA/150 mM NaCl) plus 1% (vol/vol)
Triton X-100 and 10 mM dithiothreitol. Cells were lysed by
two passages through a French press (Aminco-Bowman) at
1200 psi (1 psi = 6.89 kPa) and cellular debris was removed
by centrifugation for 20 min at 12,000 x g. A 20% ammonium
sulfate precipitation was performed on the cell lysate to
remove aggregated protein, and the supernatant was purified
by glutathione-agarose (Sigma) affinity chromatography (37).
The fractions containing GST-SH2 were pooled and concen-
trated (Centriprep 10, Amicon), and the protein concentra-
tion was measured by Bradford assay (Bio-Rad). This pro-
cedure routinely produced >95% pure GST-LckSH2 at

Abbreviations: SH2, Src homology 2; pY, phosphotyrosine; GAP,
GTPase-activating protein; IRS1, insulin receptor substrate 1; SH-
PTP1, SH2 domain-containing protein-tyrosine-phosphatase 1; SPR,
surface plasmon resonance; GST, glutathione S-transferase; hmT
antigen, hamster polyoma middle-sized tumor antigen.
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Table 1. Relative affinities of phosphopeptides for GST-LckSH2
and GST-SrcSH2

ID50, AtM
GST- GST-

Peptide name* Sequence LckSH2 SrcSH2
Lck pY505 TEGQpYQPQP(A) 8.2 58
Src pY527 EPQpYQPGENL 61 66
GAP pY460 DGKEIpYNTIRRK 340 140
hmT pY324 EPQpYEEIPIYL 1.8 1.5
IRS1 pY628 GDGpYMPMSPKS 210 140
SH-PTP1 pY536 ESEpYGNITYPPAMK 470 170
*Names indicate the protein of origin and the position of the pY
residue in the protein sequence. GAP, GTPase-activating protein;
IRS1, insulin receptor substrate 1; SH-PTP1, SH2 domain-
containing protein-tyrosine-phosphatase 1.

yields of20-30 mg per liter ofcells and GST-SrcSH2 at 40-60
mg per liter of cells. Protein was stored at 4°C for immediate
use or frozen in liquid nitrogen and stored at -80°C.

Competition Binding Assay. The assay was conducted
essentially as described (36). A phosphopeptide derived from
hmT antigen (hmT pY324) was radiolabeled with 1251 at the N
terminus by using Bolton-Hunter reagent (ICN) and was
purified by HPLC. GST-SH2 domain (1 ,uM) and 125I-hmT
pY324 (50,000-100,000 cpm) in 20 mM Tris-HCl, pH 7.4/250
mM NaCI/10 mM dithiothreitol/0.1% bovine serum albumin
were incubated in the presence of 0-1 mM competing unla-
beled phosphopeptide. Assay volumes were 100 ,ul, to which
was added 25 ul of a 20%o (vol/vol) solution of glutathione-
agarose. The binding of GST to glutathione-agarose and
phosphopeptide to SH2 domain was allowed to proceed with
vigorous shaking for 12 hr. After incubation, the samples
were centrifuged to pellet the agarose and the supernatants
were removed by aspiration. The 125I-labeled phosphopep-
tide remaining bound to the GST-SH2 domain was quantified
with a y counter. Background cpm resulting from 1251-labeled
phosphopeptide binding in the absence of SH2 domain were
subtracted for each sample.
Binding Interaction Measured by SPR. The Pharmacia

Biacore is an instrument that uses SPR to measure interac-
tions (38). Sensorchips CM5 and necessary immobilization
reagents were provided by the manufacturer. The Biacore
biosensor uses SPR to probe the refractive index change in a
flow cell due to the binding of molecules to immobilized
ligand (39). Light, impinging on a gold surface between layers
with two different refractive indices, resonates with outer
shell electrons (plasmons), resulting in a decrease in reflected
light intensity under conditions of total internal reflection.
This resonance is very sensitive to several parameters,
including the refractive index of the medium (the flow cell).
If all parameters are held constant, a change in refractive
index is detected as a change in reflected light intensity. Since
protein mass determines refractive index regardless of se-
quence, the change in light intensity is directly proportional
to the protein mass bound to ligand. The conditions for
immobilization ofphosphopeptides to the sensorchip surface
have been described (42).

Kinetic Analysis of SPR Measurements. The association of
a molecule to surface-bound ligand can be described by
dR/dt = kaCRmax - (kaC + kd)R, where ka is the association
rate constant, kd the dissociation rate constant, Rmax the
maximum response when ligand is saturated with bound
analyte, R, the response at time t, and C the concentration of
analyte passing over the ligand surface in the flow cell
(Pharmacia Biosensor Biacore methods manual). A plot of
dR/dt vs. R, gives a line with slope -(kaC + kd), which is
equal to -ks. If k. is plotted against C for various concen-
trations of analyte the resulting slope is equal to ka.

The dissociation rate constant kd is given by the first-order
rate equation dR/dt = kdRt when the analyte flowing across
the flow cell has been replaced with buffer. These measure-
ments are performed when R approaches R,ma, to minimize
the effect of rebinding. Integration of the rate equation gives
ln(R,t/R,R) = kd(tn - ti), and a plot of ln(Rt,/R,t) vs. t for the
initial dissociation rate yields a line with slope of -kd.
The equilibrium dissociation constant is Kd = kd/ka. How-

ever, Kd can also be independently determined from equi-
librium experiments analogous to Scatchard analysis. When
binding equilibrium is reached, ka = kd and dR/dt = kaC(Rmax
- Req) - kdReq = 0. Therefore, kaC(Rmac- Req) = kdReq.
Since Ka = l/Kd = ka/kd, Req/C = KaRmax - KaReq, and a
plot ofReq/C vs. Req yields a line with slope equal to -1/Kd.

RESULTS
Relative Affinity of GST-LckSH2 and GST-SrcSH2 for

Various Phosphopeptides as Determined by 125I Competition
Assay. A high-affinity ligand for both Src and Lck SH2
domains, hmT pY324, was identified by affinity selection
from a degenerate phosphopeptide mixture (34) and used as
a radiolabeled tracer. Fig. 1 demonstrates the ability of
unlabeled phosphopeptides to compete for binding. Data
points were experimentally determined and best fit to the
data by the equation y = {(A - D)/[1 + (x/C)B]} + D (43),
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FIG. 1. Competitive binding of phosphopeptides to the Lck (A)
and Src (B) SH2 domains. GST-LckSH2 or GST-SrcSH2 at 1 ,uM
was mixed with 125I-labeled hmT pY324 tracer and various concen-
trations of competing phosphopeptide (e, Lck pY505; m, SH-PTP1
pY536; O, hmT pY324; x, Src pY527; A, GAP pY460; c, IRS1
pY628) and incubated with glutathione-agarose for 12 hr with shak-
ing. The glutathione-agarose, with bound GST-SH2 domain, was
sedimented by centrifugation, the supernatant was removed, and the
tracer bound to GST-SH2 domain was quantified by y counting.
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where A = maximum 125I-hmT pY324 remaining bound, B =
slope factor, C = ID5o (the competing peptide dose resulting
in 50% displacement of 125I-hmT pY324), and D = minimum
1251-hmT pY324 remaining bound. The ID50 values are listed
in Table 1. Because the sensitivity of this assay required that
the SH2 domain concentration used be much greater than Kd
(estimated from SPR data), the ID50 values provide only the
relative affinity of various phosphopeptides for the SH2
domains.
Both Src and Lck SH2 domains bind the hmT pY324

sequence with equivalent high affinities. All additional phos-
phopeptides studied bind with lower relative affinity. The
phosphopeptides derived from the kinase tails, Lck pY505
and Src pY527, bind with intermediate affinity (5- to 40-fold
lower than that of hmT pY324). The remaining phosphopep-
tides-GAP pY460 (44) SH-PTP1 pY536 (45), and IRS1
pY628 (46), derived from sequences of phosphoproteins
thought to interact with other SH2 domains-have even
lower relative affinities (80- to 300-fold lower than hmT
pY324). Therefore, Src and Lck are able to discriminate
among phosphopeptide sequences, and they have remark-
ably similar binding specificities. The notable exception is
that the Lck SH2 domain binds its own tail sequence with
higher relative affinity than the Src tail, whereas the Src SH2
domain binds both with equivalently low relative affinities.

Kinetic Analysis by SPR. Although the competition assay
described above yielded relative affinities ofSH2 domains for
phosphopeptides, the ID50 values obtained do not represent
actual Kd values. For this reason binding experiments were
conducted with a Biacore biosensor, which uses SPR to
detect binding in real time. The advantage is that with many
binding interactions the rate constants ka and kd can be
determined directly.
The amount of phosphopeptide loaded is crucial for kinetic

analysis: too little gives a low signal-to-noise ratio, whereas
too much results in ligand titration rather than binding
controlled by microscopic rate constants. The presence ofan
E-amino group of a peptide lysine was important for adequate
loading. Thus a lysine was added to the N terminus of hmT
pY324. As a sequence-independent control for the quantity of
peptide immobilized, we conducted binding experiments
with anti-pY monoclonal antibodies (4G10, kindly provided
by Brian Drucker and Tom Roberts, Dana-Farber Cancer
Institute). At a flow rate of 5 ,ul/min, anti-pY at 50 ,g/ml was
passed over the surface for 10 min (50 ,ul). The relative
responses obtained were 1353 and 3936 response units for
hmT pY324 and GAP pY460 surfaces, respectively.
For phosphopeptide/SH2 domain binding experiments,

different concentrations of GST-SH2 domain were passed
over a sensorchip surface containing covalently bound hmT
pY324 or GAP pY460. Binding was monitored by the increase
in response units (Fig. 2 A and E). The early binding phase
(<300 sec) can be used to determine ka. A plot of ks vs.
[GST-SrcSH2] gives a line with slope = ka (Fig. 2 B and F;
Table 2). At the end of the injection of GST-SrcSH2, buffer
passes over the sensorchip surface, rapidly removing disso-
ciated GST-SrcSH2. Thus, this region was analyzed to
determine kd in a plot of ln(R,,/R,,) vs. t (Fig. 2 C and F). Kd
was estimated from ka and kd and independently from equi-
librium data (Table 2). For sensorgrams where equilibria
were reached (dR/dt = 0), Req, the response at equilibrium,
was estimated by subtracting the response due to bulk
refractive index change (=12 sec after the injection end). Kd
values from equilibrium data were obtained by Scatchard
analysis (Fig. 2 D and H; Table 2). No SH2 domain binding
was observed either with nonphosphorylated peptides having
the same sequences or with GST alone (data not shown). The
apparent Kd for binding of GST-SrcSH2 to hmT pY324
(3.5-6.3 nM) is similar to that reported for the binding of the
N-terminal SH2 domain of the p85 subunit of phosphatidyl-

inositol 3-kinase (GST-p85N-SH2) to IRS1 pY628 (3.27 nM)
(42), suggesting that isolated SH2 domains bind with similar
affinities to their cognate phosphopeptides. The apparent Kd
estimated for binding of GST-SrcSH2 to GAP pY460 was
22-44 nM (which is lower than predicted from 1251 competi-
tion data).

Relative Affnity of GST-SrcSH2 for hmT pY324 and GAP
pY460 as Measured by SPR. To test whether the Biacore
could reliably be used to determine relative binding affinities,
a competition assay was developed and the results were
compared with those obtained by using the 125I-labeled
phosphopeptide tracer. For the Biacore competition assay,
hmT pY324 and GAP pY460 were tested for their ability to
compete with immobilized hmT pY324 for binding to GST-
SrcSH2. GST-SrcSH2 (500 nM) was premixed with various
concentrations of free hmT pY324 or GAP pY460 and in-
jected onto the immobilized hmT pY324 sensorchip surface
(Fig. 3 A and B). The amount of GST-SrcSH2 remaining
bound to the surface phosphopeptide (Req) was determined as
described above and plotted in Fig. 3C.
The results show that GAP pY460 has 89-fold lower affinity

than hmT pY324 for GST-SrcSH2, in excellent agreement
with the 1251 competition assay results showing 93-fold lower
affi'nity (Table 2). Thus, the Biacore gives accurate relative
affinities when used in a competition assay. It is not under-
stood why the apparent Kd values determined by direct
measurement of ka and kd fall in a smaller range than
predicted by the competition assays. Possibly, the proximity
of the immobilized phosphopeptide to the highly negatively
charged carboxymethylated dextran surface causes binding
artifacts which are not observed in an SPR competition assay
because the observed binding decrease is the result ofbinding
to free phosphopeptide.

DISCUSSION
SH2 domains mediate the physical association of pY-
containing proteins with downstream effector enzymes.
Therefore, understanding the basis of specificity inherent in
these interactions may provide valuable insights into discrim-
inating divergent signaling pathways. The interactions of the
p85 subunit of phosphatidylinositol 3-kinase with various
phosphoproteins have been characterized extensively and
provide a model system for analyzing SH2 protein/
phosphoprotein interactions generally. A variety of proteins
interacting with p85 contain the consensus sequences
pYMXM or pYVXM; this tetrapeptide motif confers speci-
ficity to p85 SH2 interactions (4, 36, 47, 48). Based on this
concept, Cantley and coworkers (34) prepared a phospho-
peptide library that was degenerate at pY + 1, pY + 2, and
pY + 3 positions and used it to determine specificities of
other SH2 domains. For Src, Lck, and additional Src-family
SH2 domains, the preferred motif was pYEEI, a sequence
found in hmT antigen and other proteins (34). By direct
binding analyses we have determined that both Lck and Src
SH2 domains bind with similar high affinity to a phospho-
peptide corresponding to the hmT sequence. The apparent
affinities of Src and Lck for the hmT pY324 peptide are
equivalent to that of the p85 N-terminal SH2 for correspond-
ing pY(M/V)XM phosphopeptides (36, 42).

Previous studies have suggested that pY residues in the
C-terminal tails of Src and Lck might bind to their own SH2
domains to regulate kinase activity (4, 21, 31-33). Phos-
phopeptides corresponding to these motifs bind to the SH2
domains with lower relative affimity than the hmT sequence.
Nevertheless, with the possibility of multiple phosphopro-
teins competing for binding to the SH2 domains ofSrc or Lck,
lower relative affinity may be required to offset the advantage
of a potential intramolecular interaction and the resulting
elevated local concentrations.
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FIG. 2. Kinetic and thermodynamic constants of GST-SrcSH2 binding to hmT pY324 (A-D) and GAP pY460 (E-H), determined by SPR.
Various concentrations ofGST-SrcSH2 were passed over an immobilized hmT pY324 orGAP pY460 surface for 5 min at a flow rate of5 Al/min.
The sensorgrams for pY324 (A) and pY460 (E) are shown with the SH2 concentration indicated. The regions (lines) used to determine ka and
kd, and the Req data point (arrow) used to determine Kd, are also shown. ka (B and F) and kd (C and G) were determined from the slopes of
k, vs. [GST-SrcSH2] and ln(Rt1/R,l) vs. time, respectively. Kd values for pY324 (D) and pY460 (H) were determined by Scatchard analysis. The
correlation coefficients for the linear regression fits are as follows: B, 0.983; C, 0.971; D, 0.991; F, 0.992; G, 0.981; H, 0.988.

Recent structural analyses of complexes of both Src and
Lck SH2 domains with the hmT pY324 peptide (10, 11)
provide a framework for understanding phosphoprotein/SH2
interactions. Peptide residues -2 to +4 (relative to pY)
contact the SH2 domains, with the side chains ofpY and Ile+3
occupying deep pockets of either SH2 domain surface. Glu+1
and the Glu+2 backbone rest on complementary van der
Waals surfaces. Both library screening and x-ray crystallo-
graphic findings suggest that hydrophobicity at the +3 posi-
tion is crucial and that isoleucine is favored. To test the
importance of the pYEEI motif for tight binding, we deter-
mined relative affinities of Src and Lck SH2 domains for
additional phosphopeptides which might meet these criteria:
GAP pY460, SH-PTP1 pY536, and IRS1 pY628, having

Table 2. Rate constants and equilibrium constants for
GST-SrcSH2 binding to hmT pY324 and GAP pY460
Phosphopeptide ka, M-1s-1 kd, S-l Kd*, nM Kdt, nM
hmT pY324 3.3 x 105 1.2 x 1o-3 3.5 6.3
GAP pY460 2.4 x 105 5.4 x 10-3 22 44

Constants were determined as described in Fig. 3.
*Calculated from kd/ka.
tDetermined from equilibrium data.

pYNTI, pYGNI, and pYMPM motifs, respectively. Surpris-
ingly, each ofthese peptides bound to both SH2 domains with
80- to 300-fold reduced relative affinity, comparable to dif-
ferences seen for nonspecific interactions with p85. There-
fore, although pY and Ile+3 insert into specific pockets, the
presence ofthese determinants is not sufficient for conferring
high-affinity binding. Additional residues either within the
motif or flanking it may thus act as negative or positive
influences. GAP and Lck interact with one another in a
phosphorylation-dependent manner and Lck phosphorylates
GAP at Tyr460 (40). Low relative affinity ofLck SH2 forGAP
pY460 suggests that the interaction is not directed by this
SH2-mediated interaction.
As isolated SH2 domains, Lck and Src bind phosphopep-

tides with near-identical specificity. A notable exception is
the preferential binding of Lck SH2 to its own tail sequence.
Nevertheless, these data support the notion that Lck and Src
have overlapping functions despite predominant production
in different cell types (refs. 25 and 41 and references therein).
Our binding data further confirm that specificity in the
SH2/phosphoprotein interaction can be reconstituted with
peptide fragments, isolated SH2 domains, and corresponding
phosphopeptides (36). It is important to note, however, that
both binding specificity and the magnitude of the affinities
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FIG. 3. Competition assay using SPR. GST-SrcSH2 (500 nM)
was preincubated with various concentrations offree hmT pY324 (A)
GAP or pY460 (B) and injected over an immobilized pY324 surface.
For sensorgrams 1-9 in A, concentrations of competing pY324 were
as follows: 1,0,tM; 2,0.01 AM; 3,0.033 AM; 4,0.1 AM; 5,0.33 uM;
6, 1 AM; 7, 3.3 ,uM; 8, 10 ,uM; 9, 33 ,uM. For sensorgrams 1-9 in B,
concentrations of competing pY460 were as follows: 1, 0 tAM; 2, 1
aiM; 3, 3.3 ,uM; 4, 10 ,uM; 5, 33 AM; 6, 100 AM; 7, 333 AM; 8, 1000
,uM; 9, 3333 ,uM. The sensorgrams overlap in the 130- to 425-s region
because, with increasing competing phosphopeptide concentration,
the bulk response increases but the specific binding decreases. The
GST-SrcSH2 remaining bound was taken as a percentage of Req at
0 ,uM competing phosphopeptide and plotted as standard sigmoidal
curves in C. * pY324; *, pY460.

may be affected by other domains from the proteins in which
the SH2 domains reside.
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